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Asparagus virus 2 (AV-2) is a member of the genus Ilarvirus in the family Bromoviridae. We cloned the coat
protein (CP) and the 2b protein (2b) genes of AV-2 isolates from asparagus plants from various regions
and found that the sequence for CP and for 2b was highly conserved among the isolates, suggesting that
AV-2 from around the world is almost identical. We then made an AV-2 infectious clone by simultaneous
inoculation with in vitro transcripts of RNAs 1–3 of AV-2 and in vitro-synthesized CP, which is necessary
for initial infection. Because 2b of cucumoviruses in Bromoviridae can suppress systemic silencing as well
as local silencing, we analyzed whether there is functional synteny of 2b between AV-2 and cucumovirus.
Using the AV-2 infectious clone, we here provided ﬁrst evidence that Ilarvirus 2b functions as an RNA
silencing suppressor; AV-2 2b has suppressor activity against systemic silencing but not local silencing.
& 2013 Elsevier Inc. All rights reserved.Introduction
Asparagus virus 2 (AV-2) is a member of the genus Ilarvirus and
belongs to ilarvirus subgroup 2. Asparagus plants infected with
AV-2 have no obvious symptoms, but AV-2 infection reduces vigor
and productivity (Elmer et al., 1996; Jaspers et al., 1999; Tomassoli
et al., 2012). AV-2 is transmitted not only through seeds collected
from infected asparagus, but also through seeds collected from
healthy plants fertilized by AV-2-infected pollens; AV-2 is not
transmitted by aphids (Elmer et al., 1996; Jaspers and Pearson,
1997). In addition, AV-2 is mechanically transmitted mainly
through infected sap on cutting knives and probably through
feeding thrips as shown for other ilarviruses (Greber et al., 1991).
AV-2 infection of asparagus has been reported in Europe, North
America and Japan (Elmer et al., 1996; Uyeda and Mink, 1981).
Fujisawa et al. (1983) ﬁrst identiﬁed AV-2 in the asparagus ﬁelds of
Hokkaido, the largest production area in Japan, and named the
Japanese isolate AV-2-J. In spite of the serious distribution, AV-2
infection has not been surveyed for the last few decades in
Hokkaido as well as in other areas in Japan. In addition, the
production of virus-free asparagus has not been attempted until
now because AV-2 infection reduces the rooting and survival of
asparagus explants in vitro, suggesting that it is not easy toll rights reserved.
imura).prepare AV-2-free asparagus in vitro culture for ﬁeld production
(De Vries-Paterson et al., 1992). To develop a strategy to eliminate
AV-2 from asparagus, we need to elucidate the molecular char-
acteristics involved in such mechanisms as seed transmission and
viral RNA silencing suppression for AV-2. If we can grow AV-2-free
asparagus in ﬁelds, we would be able to increase the yield and
quality of asparagus. Toward this endeavor, we here investigated
whether AV-2 was still present in asparagus ﬁelds in Japan and
then initiated the molecular study of AV-2.
The genus Ilarvirus is included in the family Bromoviride, which
also includes cucumoviruses and bromoviruses, some of the most
extensively studied plant viruses. All members have a tripartite RNA
genome (RNAs 1–3). RNA 1 encodes the 1a protein with methyl-
transferase and helicase motifs. RNA 2 encodes the 2a protein,
which is an RNA-dependent-RNA polymerase (RdRp). RNA 2 of
some members (i.e., cucumoviruses and subgroup 1 and 2 in
ilarviruses) has a second gene encoding the 2b protein (2b) (Xin
et al., 1998), which is expressed through a subgenomic RNA, RNA4A.
Neither alfamoviruses nor bromoviruses in the Bromoviride have
been found to encode the 2b protein. In cucumoviruses, 2b has been
shown to be an RNA silencing suppressor (RSS) (Burgyán and
Havelda, 2011), but whether the 2b of ilarvirus functions as an
RSS has not been known. RNA 3 encodes the movement protein
(MP) in the 5′ half and the coat protein (CP) in the 3′ half. The CP,
expressed by subgenomic RNA4, is necessary for genome activation
for alfamovirus and ilarviruses (Jaspars, 1999; Neeleman et al.,
2004), suggesting the possibility that replication of ilarviruses is
Cucumovirus
Oleavirus
Cucumber mosaic virus (CMV)  CAH17692
Peanut stunt virus (PSV) CAX30778
Tobacco mosaic virus (TMV) NP_597750 
Tomato mosaic virus (ToMV) CAA26084 
Olive latent virus 1 (OLV-1) AAU09671
100
Bromovirus
Anulavirus
Alfamovirus
Ilarvirus (4)
Ilarvirus (3)
Ilarvirus (6)
Ilarvirus (5)
Ilarvirus (3)
Tomato aspermy virus (TAV) ABM73664 
Pelargonium zonate spot virus (PZSV) ACG63773
Brome mosaic virus (BMV) AAA46334
Spring beauty latent virus (SMLV)  BAC10648
Prune dwarf virus (PDV) ABQ95996
Apple mosaic virus (ApMV) AAT11877
Prunus necrotic ringspot virus (PNRSV) AAA96660
American plum line pattern virus (APLPV) AAK15030
Fragaria chiloensis latent virus (FCILV) YP_164805
Humulus japonicus latent virus (HJLV) AAS86441
Alfalfa mosaic virus (AMV) AAG10218
100
99
100
100
Ilarvirus (1)
Parietaria mottle virus (PMoV) CAJ58674
Strawberry necrotic shock virus (SNSV) AAQ76587
Blackberry chlorotic ringspot virus (BCRV) AAZ42394
Tobacco streak virus (TSV) ACJ38091
Citrus variegation virus (CVV) ACC62166
Elm mottle virus (EMoV) AAB97771
Spinach latent virus (SpLV) NP_620681
Citrus leaf rugose virus (CiLRV) NP_613280
Tulare apple mosaic virus (TAMV) NP_620757
Lilac ring mottle virus (LRMV) AAA64840
Tomato necrotic spot virus ACI96015
Hydrangea mosaic virus (HdMV) AAF89808
100 100
100
100
87
100
76
74
Ilarvirus (2)
0.1
AV-2 JP-Ku AB745624
AV-2 Mexico2 AB745629
AV-2 Peru AB745626
AV-2 Australia AB745627
AV-2 JP-Ha AB745623
AV-2 JP-Iw AB745625
AV-2 Mexico1 AB745628
Asparagus virus 2 (AV2) YP_002455927
Citrus variegation virus (CVV) AAL37959
100
90
Fig. 1. Phylogenetic relationships among the nucleotide sequences of the CP genes from representative ilarviruses and related viruses in the Bromoviridae. The trees were
constructed by the maximum-likelihood method implemented in the PAUP 4.0 software. Bootstrap values (1000 replicates) are given at branch points (only values 470 are
shown). The evolutionary-distance scale is the number of substitutions per site. Tobacco mosaic virus (TMV) and Tomato mosaic virus (ToMV) were used as outgroups. AV-2
isolates from Japan (JP-Ku, JP-Ha and JP-Iw), Australia, Mexico and Peru in bold face were newly sequenced in this study.
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of CPs of Alfalfa mosaic virus (AMV, alfamovirus) and Tobacco streak
virus (TSV, ilarvirus) has been demonstrated; the two viral CPs share
a limited, unique consensus sequence (Ansel-McKinney et al., 1996;
Swanson et al., 1998).
Cucumber mosaic virus (CMV) isolates, which belong to
Bromoviridae, are divided into two subgroups I and II based on the
nucleotide and amino acid sequence of the viral genes. The 2b genes
in subgroups I and II functionally differ in silencing suppressor
activity; 2b of subgroup I has a stronger RSS activity than that of
subgroup II. Because among the viruses in Bromoviridae, only
cucumoviruses and ilarviruses have a 2b gene, the function of 2b
of AV-2 is of our particular interest: there is the possibility that AV-2
isolates might be also divided into some subgroups just like CMV,
and AV-2 2b thus shows functional synteny to the 2b of cucumo-
viruses. For AV-2 isolates, two serotypes (AV-2-P and AV-2-S) that
vary in their infectivity on Chenopodium quinoa have been reported
for AV-2 (Uyeda and Mink, 1981), suggesting that variability in the
nucleotide sequences for the viral genes could explain serological
and symptomatic differences. Because only one sequence for the CP
and the 2b genes of AV-2 are available in the database, there is no
molecular evidence for the genetic variability of AV-2 (Rafael-Martín
and Rivera-Bustamante, 1999; Scott and Zimmerman, 2009;
Tomassoli et al., 2012). Therefore, we ﬁrst examined the sequence
variability of AV-2 CP and 2b from different isolates and geographic
origins. Based on the results, we created an infectious clone from one
AV-2 isolate and tested whether AV-2 2b works as an RSS using the
AV-2 infectious clone.
In this paper, we found unexpectedly low genetic variability among
the AV-2 isolates from different geographic locations. In addition, wedeveloped an efﬁcient method to synthesize infectious transcripts via
genome activation by in vitro-synthesized CP, and we also found that
AV-2 2b functioned as a systemic RSS. This is the ﬁrst demonstration
that Ilarvirus 2b functions as an RSS similar to the 2b of cucumoviruses
in Bromoviridae. We discuss the implications of AV-2 2b as an RSS
against systemic silencing and contributions to unique AV-2 charac-
teristics such as latent infection and seed transmission.Results
Genetic variability of AV-2 isolates
In preliminary RT-PCR experiments, we detected AV-2 from the
commercial asparagus from different asparagus-growing areas in
Japan and other countries. For our phylogenetic analysis, we here
cloned the CP (654 nt) and 2b (582 nt) genes from infected
asparagus spears obtained from different geographic locations:
Japanese asparaguses (from Kuriyama [Hokkaido], Hakodate
[Hokkaido] and Iwate [Honshu]) and imported asparagus (from
Peru, Mexico and Australia). The CP and the 2b genes from each
isolate (at least 5 clones) were sequenced to avoid nucleotide
changes due to PCR errors. Multiple alignments of the CP and 2b
genes showed that both genes were highly conserved with more
than 99% identity among the isolates examined (Fig. S1). The
genetic variability of the CP and 2b genes, which was estimated by
dividing the number of variant nucleotides relative to the most
frequent nucleotide sequence by the total number of nucleotides
sequenced, was very low (0.0069 and 0.0091, respectively). Max-
imum likelihood (ML) phylogenetic trees based on the nucleotide
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Fig. 2. Phylogenetic relationships among the nucleotide sequences of the 2b genes from representative ilarviruses and related viruses in the Bromoviridae. The trees were
constructed by the maximum-likelihood method implemented in the PAUP 4.0 software. Bootstrap values (1000 replicates) are given at branch points (only values 470 are
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topologies; all AV-2 isolates cluster with the members of ilarvirus
subgroup 2. In addition, phylogenetic tree for the CP revealed that
AMV had a close relationship with ilarvirus subgroups 1 and 2;
AMV ﬁrst branched off and then the ilarviruses divided into
subgroups 1 and 2.
Construction of infectious clones and genome activation of AV-2
Our sequence analysis revealed that the CP and 2b genes are
highly conserved irrespective of geographic origin, and their
genetic variability was rather low. Considering the low variability
among the AV-2 isolates, we initiated a molecular study using one
set of infectious clones from the Japanese strain, AV-2-J (Fujisawa
et al., 1983). The CP and the 2b sequences of AV-2-J were almost
identical to those of the other isolates.
Full-length cDNA clones of AV-2 RNAs 1–3 were constructed in
the pGEM-T easy vector; they are referred to as AV-2-1, -2 and -3,
respectively. These clones were all sequenced and conﬁrmed to be
almost identical to those in the database; especially the 5′ and 3′
sequences of the viral RNAs were the same as the published
sequences (Rafael-Martín and Rivera-Bustamante, 1999; Scott and
Zimmerman, 2009). When we used in vitro transcripts from the
three RNAs to inoculate leaves on plants of Nicotiana benthamiana,
the transcripts failed to establish AV-2 infection (Table S1).
We then added in vitro-transcribed RNA 4 to the inoculum but
we were not able to detect AV-2 in the inoculated plants,suggesting that RNA 4 does not necessarily activate the genome
for AV-2 RNAs (Table S1). We then tested an idea from a study on
genome activation for AMV (Guogas et al., 2005), a virus that is
related to ilarviruses and cannot replicate in the absence of its CP.
We ﬁrst synthesized the AV-2 CP using the in vitro wheat germ
translation system, which can yield up to several hundreds of
micrograms of target proteins in one reaction depending on the
proteins produced (Fig. 3A). We added the in vitro-synthesized
AV-2 CP (at 5- to 10-fold molar excess of the in vitro transcripts) to
the inoculum and inoculated N. benthamiana and N. tabacum. At
7 days postinoculation (dpi) in N. benthamiana, we detected AV-2
symptoms in the upper non-inoculated leaves, which had faint
vein-clearing, and by 14 dpi leaves had developed mottling
(Fig. 3B, Table S1). We observed tiny necrotic spots in N. tabacum
at 7 dpi (Fig. 3B). In addition, we prepared sap from the infected
leaves of N. benthamiana and inoculated C. quinoa with the sap;
the plants eventually developed chlorotic spots (Fig. 3B) as
reported for AV-2-J by Fujisawa et al. (1983).
RNA silencing suppression by AV-2
Because we could now utilize the AV-2 infectious clones as a
tool to analyze the functions of the viral proteins, we ﬁrst
investigated whether AV-2 could suppress host RNA silencing.
We used the agroinﬁltration assay using the N. benthamiana 16c
transgenic plants that constitutively express the GFP gene (Ruiz
et al., 1998). To trigger RNA silencing against GFP, we used the
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Fig. 3. Western blot analysis of in vitro-translated AV-2 CP in the wheat germ system and symptoms on plants inoculated with the infectious clones of AV-2. (A) In vitro
translated AV-2 CP. AV-2 CP mRNA (15 μg) was used in a 16 h incubation at 20 1C. 4 μL of 200 μL was separated on a 15% SDS-PAGE gel and analyzed in a Western blot. Control
does not include mRNA. (B) Symptoms on Nicotiana tabacum and N. benthamiana after inoculation with the in vitro-transcribed AV-2 RNAs plus the in vitro-translated AV-2 CP,
and symptoms on Chenopodium quinoa after inoculation with sap from infected N. benthamiana. Arrows indicate the typical symptoms. IL: inoculated leaves, SL: systemic leaves.
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pBE2113 (pBE2113:GFP-IR). Agrobacterium containing pBE2113:
GFP-IR was inﬁltrated into a leaf of AV-2-infected N. benthamiana
16c plants 7 days after AV-2 inoculation, and non-inﬁltrated upper
leaves were monitored for red veins induced by systemic spread of
RNA silencing against GFP. In the mock-inoculated 16c plants,
systemic silencing against the GFP gene was clearly induced, but
we found no evidence of GFP silencing in AV-2-infected plants
(Fig. 4, Table 1), suggesting that AV-2 can suppress RNA silencing.
Because 2b of cucumoviruses can suppress systemic silencing
as well as local silencing (Brigneti et al., 1998; Goto et al., 2007),
we then examined whether AV-2 2b can also function as a local
RSS. We tested whether AV-2 2b and AV-2 CP can suppress local
RNA silencing by two methods, a transient silencing suppression
assay using agrobacterium co-inﬁltration method and a protoplast
assay. In the agrobacterium inﬁltration, neither AV-2 2b nor AV-2
CP inhibited local RNA silencing, while CMV 2b had strong RSS
activity against local silencing (Fig. 5A). The accumulation of viral
proteins in the leaves was conﬁrmed by Western blots. Similarly,
with the protoplast method, we found that AV-2 2b and AV-2 CP
had little local RSS activity in N. benthamiana (Fig. 5B).
We next tested whether AV-2 2b and AV-2 CP can suppress
systemic RNA silencing using N. benthamiana 16c plants. Using our
previous method (Goto et al., 2007), we inﬁltrated leaves of young
16c plants with suspensions of Agrobacterium carrying plasmid
constructs to express the GFP gene, GFP inverted-repeat (GFP-IR)
and AV-2 2b (or AV-2 CP). When uninﬁltrated upper leaves were
evaluated under UV light at 10 dpi, the upper leaves of plants
inﬁltrated with a mixture of GFP+GFP-IR+AV-2 CP showed
systemic spread of RNA silencing, but plants inﬁltrated with a
mixture of GFP+GFP-IR+AV-2 2b showed a 2–4 days delay of
systemic RNA silencing in the upper leaves (data not shown). To
conﬁrm this delay in systemic RNA silencing by AV-2 2b, we thenused the Potato virus X (PVX) vector (PVX:AV-2-2b) to express AV-
2 2b in the entire 16c plant. We also created PVX:AV-2-CP to
express AV-2 CP in the entire 16c plant. Four days after inoculation
with PVX:AV-2-2b (or PVX:AV-2-CP), Agrobacterium suspensions
carrying GFP+GFP-IR constructs were used to inﬁltrate the upper
leaves to induce GFP silencing (Fig. 6A). In this experiment, AV-2
2b clearly suppressed spread of systemic silencing of GFP while
AV-2 CP did not cause delay of systemic silencing (Fig. 6B, Table 2).
These results suggest that the 2b protein of AV-2 but not the CP
has RSS activity against systemic silencing but not local silencing.
Ten days after agroinﬁltration, we observed more severe symp-
toms in PVX:AV-2-2b-infected plants than those in the control
PVX-infected plants, suggesting that AV-2 2b may have enhanced
the viral symptoms through its RSS activity (Fig. 7). However, AV-2
CP also caused severe symptoms, which were even more severe
than those induced by AV-2 2b (Fig. 7). Because AV-2 CP did not
affect spread of systemic silencing, it may have another function to
enhance the viral pathogenicity.Discussion
As far as we know, a comparative study of AV-2 isolates in
various asparagus cultivars from different geographic regions has
never been done. In the present study, we found that asparagus
spears grown in various countries (Australia, Peru and Mexico and
three locations in Japan) were frequently infected with AV-2.
In addition, we found that the sequences of 2b and CP were highly
conserved among the isolates, suggesting that AV-2 from around
the world is almost identical. In agreement with our observations,
the low variability in CP sequences has been previously described
between Italian and Mexican isolates (Tomassoli et al., 2012).
Although we had not expected that the CP and 2b genes would
AV-2-infected 16cMock-inoculated 16c
Fig. 4. Suppression of RNA silencing by AV-2. Agrobacterium cultures carrying the pBE2113:GFP-IR construct were inﬁltrated into AV-2-infected N. benthamiana 16c plants
7 days after AV-2 inoculation. As a control, the same Agrobacterium cultures were inﬁltrated into healthy N. benthamiana 16c plants (Mock-inoculated 16c), and then non-
inﬁltrated upper leaves were evaluated under UV light at 10 dpi. Note that in the mock-inoculated 16c plant, systemic silencing against the GFP gene was clearly induced, but
GFP silencing was not observed in the AV-2-infected 16c plant. The lower images show the symptoms of AV-2-infected 16c plant; there was little difference between mock-
inoculated and AV-2-infected 16c plants.
Table 1
Effect of AV-2 infection on systemic silencing.
Inoculated plant 4 dpia 5 dpi 7 dpi 10 dpi
Control 1/4 b 2/4 3/4 4/4
AV-2 infected plant 0/4 0/4 0/4 0/4
a Days post-inﬁltration (dpi) with Agrobacterium containing pBE2113:GFP-IR.
b No. of GFP-silenced plants/no. of inﬁltrated plants.
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because AV-2 is seed-transmissible and commercially available
asparagus seeds often contain AV-2 and are easily exchanged
worldwide.
The genome of ilarviruses (subgroups 1 and 2) contains a 2b gene
at a position similar to that of the cucumovirus 2b gene. However,
the ilarvirus 2b gene is twice as large as the cucumovirus counter-
part, and there is little similarity between the two gene sequences.
The cucumovirus 2b gene has been identiﬁed as a strong RSS for both
local and systemic silencing (Goto et al., 2007; Qi et al., 2004), but a
possible role of the 2b gene in ilarviruses has not yet been
investigated. Because the function of ilarvirus proteins has not been
characterized, unlike other members in Bromoviridae, we do not
know whether any proteins encoded by AV-2 have RSS activity.
Considering that AV-2 does not normally cause any severe symptoms
in infected plants, we speculated that AV-2 might not possess strong
RSS. However, in this study, we demonstrated that the 2b protein of
AV-2 actually has RSS activity against systemic silencing but the
suppression is not obvious against local silencing. For seed (pollen)-
transmitted viruses like AV-2, we believe that RSS activity against
systemic silencing would be more important than that against local
silencing for virus when invading reproductive/growing cells (pollens
and apical meristem tissue). It has been demonstrated that seed
transmission is related to the ability of virus to infect into meristem
tissues (Amari et al., 2009), and thus seed-transmitted virus needs to
counteract the host RNA silencing in the meristem. Because host RNA
silencing should be ready before viral invasion, systemic silencing
must play a major role in a meristem to achieve effective inhibition of
the viral invasion. In contrast, if the invader virus produces an RSS
protein against systemic silencing, the virus can overcome the host
defense machinery in the meristem. The 2bs of other ilarviruses may
share the same property. For example, Spinach latent virus (SpLV,
ilarvirus subgroup 2) and viruses in ilarvirus subgroup 1 also spread
to seeds (Bos et al., 1980; Sharman et al., 2009), indicating that those
ilarviruses likely invade and propagate in meristems. We thereforebelieve that the ilarvirus 2bs may have an important role in the
ability of ilarviruses to systemically infect their host.
As we showed in our phylogenetic analyses, ilarviruses are
most closely related to AMV, which does not have a 2b gene, but
are more distantly related to cucumoviruses, which have a 2b
gene. The 2b gene is speculated to be either an ancestral gene
of Bromoviridae that had been lost in bromoviruses, AMV and
some ilarviruses or it may have been independently created in
cucumoviruses and ilarviruses sometime during their evolution.
Because we now know that two types of 2b genes have a similar
function as an RSS, it is hard to imagine that cucumoviruses and
ilarviruses coincidentally acquired the gene at the same genomic
position and that the gene also happened to have the same
function. Taken together, we consider that our ﬁnding of the
function of AV-2 2b supports the former hypothesis; the ancestral
virus must have once had a 2b gene conferring RSS activity. Our
observation that the genetic variability of the AV-2 genes is very
low, and the genomes of AV-2 have changed little does not
contradict the idea that AV-2 2b has maintained a 2b sequence
similar to that of ancestral virus. However, the question why the
2b genes remain in cucumoviruses and some ilarviruses but not in
bromoviruses and AMV remains unanswered.
To test for suppression of RNA silencing in AV-2-infected plants,
we developed a system for AV-2 infectious clones because without
infectious clones, our AV-2-J, which had been isolated about 30
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Fig. 5. Effect of AV-2 2b and AV-2 CP on local RNA silencing. (A) Inoculum
containing Agrobacterium cultures carrying the constructs of pBE2113:GFP,
pBE2113:GFP-IR with the viral gene constructs (AV-2 2b or AV-2 CP) was used to
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CP on RNA silencing suppressor (RSS) activity in the protoplast assay at 24 h after
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dent replicates. Note that CMV 2b showed strong suppression activity against Fluc
silencing, but there was little RSS activity by AV-2 2b and AV-2 CP.
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contaminated with other asparagus viruses. Using this system, we
are now examining the functional genomics of AV-2 to devise a
strategy for producing virus-free asparagus.Materials and methods
RNA extraction and primers for cDNA synthesis
Asparagus spears, produced in different asparagus-growing areas,
were purchased in a market. Total nucleic acids were extracted from
asparagus tissues by a conventional phenol–chloroformmethod. cDNA
clones of the CP and 2b genes of AV-2 for phylogenetic analysis weredirectly synthesized by RT-PCR using a Takara RNA LA PCR kit (Takara
Bio, Japan). AV-2-speciﬁc primers were designed based on the genome
sequences obtained from the GenBank database (AV-2 RNA2,
EU919667; AV-2 RNA3, X86352). The obtained CP and 2b sequences
have been submitted to DDBJ (AB745623-AB745636).
Phylogenetic analysis
Multiple sequence alignments were performed using the
Clustal W program (Thompson et al., 1994) and then adjusted by
eye using the BioEdit software (Hall, 1999). Phylogenetic relation-
ships were calculated using the program of PAUP* 4.0 (Swofford,
1999), and trees were constructed by maximum likelihood (ML).
One thousand bootstrap replications were calculated after the
appropriate model was selected.
Construction of infectious clones
For construction of an infectious clone of AV-2, AV-2-J was kindly
provided by Dr. I. Fujisawa and Dr. S. Tsuda (NARO Agricultural
Research Center, Tsukuba, Japan). Full-length cDNA clones of AV-2
RNAs 1–3 were ampliﬁed from AV-2-J-infected leaves and cloned in
the pGEM-T easy vector. For in vitro transcription, RNA 1 and RNA
2 were ampliﬁed from the cDNA clones in the corresponding plasmids
by long PCR with LA Taq polymerase (Takara Bio, Japan) using primer
pair T7-AV-2-12-5G (5′-GCGTAATACGACTCACTATAGGTATTGTGCAG-
TATTAT-3′) and AV-2-12-3 (5′-GCATCTCCTTTGGAGGCATCTA-3′). Simi-
larly, RNA 3 was ampliﬁed using primer pair T7-AV-2-3-5G (5′-
GCGTAATACGACTCACTATAGGCTTTCGAGACTAATAG-3′) and AV-2-3-3
(5′-AGCATCTCCTTTGGAGGCATC-3′). The 5′ end primers contained
the T7 promoter sequence. Infectious RNAs were then in vitro-
transcribed from the puriﬁed PCR products. In vitro transcription for
viral RNAs was performed as described by Suzuki et al. (1991).
In vitro translation of AV-2 CP and inoculation
The cDNA clone of CP was inserted downstream of the tobacco
mosaic virus Ω sequence in the in vitro transcription vector (pEU3-
N II) with T7 RNA polymerase to create pEU3-CP for the subse-
quent in vitro wheat germ translation (WEPRO7240 Expression
kit) (CellFree Science, Yokohama, Japan). The in vitro-transcribed
RNA (15 μg) from pEU3-CP was added to the translation cocktail
(200 μL volume) and incubated for 16 h at 20 1C as described by
the manufacturer. The translation product was conﬁrmed by
Western blot analysis using anti-AV-2 CP antibodies. For inocula-
tion with infectious clones of AV-2, the in vitro-synthesized
transcripts of the three genomic RNAs 1–3 of AV-2 (∼10 μg total)
were mixed with a 5- to 10-fold molar excess of in vitro-translated
CP. An equal volume of 0.1 M phosphate buffer was then added to
the mixture to create the inoculum for rub-inoculation of
N. benthamiana leaves using carborundum.
Assay for RNA silencing suppression
To construct an assay system for RNA silencing suppression of
AV-2, we used N. benthamiana 16c transgenic plants that consti-
tutively express the GFP gene (Ruiz et al., 1998). To trigger RNA
silencing against GFP, we created the inverted-repeat construct of
GFP in the plant expression vector pBE2113 (pBE2113:GFP-IR).
To assess RNA silencing suppression of AV-2 2b and AV-2 CP, we
conducted agroinﬁltration of leaves or transfection of protoplasts
of N. benthamiana (wild type). To express AV-2 2b and AV-2 CP in a
leaf of N. benthamiana, cDNA clones of AV-2 2b and AV-2 CP were
inserted in the pBE2113 vector to create pBE2113: AV-2 2b and
pBE2113: AV-2 CP, respectively. To express GFP in a leaf of
N. benthamiana, we also created the GFP-sense expression
GFP-expressing 16c plant
1. Inoculation of PVX constructs
2. Infiltration of Agrobacterium carrying GFP+GFP-IR
3. Observation of systemic silencing of GFP
PVX:AV-2-2bControl
PVX empty PVX:AV-2-CP
Fig. 6. Effect of AV-2 2b and AV-2 CP on systemic RNA silencing. (A) Schematic methods of the PVX vector-used systemic silencing assay. N. benthamiana 16c plants were
inoculated with the PVX vector constructs containing AV-2 2b or AV-2 CP. Four days after PVX inoculation, GFP silencing was induced by agroinﬁltration with Agrobacterium
carrying pBE2113:GFP and pBE2113:GFP-IR; plants were then observed for systemic silencing of GFP in non-inﬁltrated upper leaves. (B) Systemic GFP silencing 10 days after
agroinﬁltration. Note that AV-2 2b clearly suppressed spread of systemic silencing of GFP. Control is the plant that was agroinﬁltrated with pBE2113:GFP and pBE2113:GFP-IR
but not inoculated with the viruses. Arrows indicate red veins induced by systemic silencing against GFP.
Table 2
Effects of AV-2 2b and AV-2 CP on systemic silencing.
Inoculum 4 dpia 5 dpi 6 dpi 10 dpi
Control (Mock) 1/3 b 2/3 3/3 3/3
PVX 0/3 1/3 3/3 3/3
PVX:AV-2-2b 0/3 0/3 0/3 1/3
PVX:AV-2-CP 0/3 2/3 3/3 3/3
a Days post-inﬁltration (dpi) with Agrobacterium containing pBE2113:GFP and
pBE2113:GFP-IR.
b No. of GFP-silenced plants/no. of inﬁltrated plants.
H. Shimura et al. / Virology 442 (2013) 180–188186construct, pBE2113:GFP. The Ti-plasmid construct was then intro-
duced into Agrobacterium tumefaciens KYRT1 strain, which was
supplied by Dr. G. B. Collins (University of Kentucky, USA).
Agrobacterium suspensions were prepared to an optical density
at 600 nm of 1.0. Inocula were prepared by mixing the Agrobacter-
ium cultures containing the various constructs (pBE2113:GFP,
pBE2113:GFP-IR and a viral gene construct) in the ratio of 5:1:5
and used to inﬁltrate a leaf of N. benthamiana. To conﬁrm the
accumulation of AV-2 2b or CP produced in the inﬁltrated patches
by Western blots, total protein (50 μg) extracted from patches was
separated by SDS-PAGE, and AV-2 2b and CP were detected with
PVX:AV-2-2bControl
PVX:AV-2-CPPVX empty
Fig. 7. Symptoms on the N. benthamiana 16c plants inoculated with PVX:AV-2-2b or PVX:AV-2-CP. Note that PVX:AV-2b or PVX:AV-2-CP induced more severe symptoms
than the PVX vector (empty). Control is the plants that were agroinﬁltrated with pBE2113:GFP and pBE2113:GFP-IR but not inoculated with the viruses.
H. Shimura et al. / Virology 442 (2013) 180–188 187anti-FLAG antibodies. The FLAG peptide had been fused to the C-
terminus of the AV-2 CP and 2b for detection by Western analysis.
For the protoplasts assay, protoplasts of N. benthamiana were
prepared and transfected essentially as described in Shimura et al.
(2008). Brieﬂy, we used the luciferase gene as a reporter gene; the
ﬁreﬂy luciferase (Fluc) was the target of RNA silencing and the
Renilla luciferase (Rluc) was an internal control for transfection
(Shimura et al., 2008). As a silencing inducer, dsRNA of the Fluc
gene (dsFluc) was prepared by in vitro transcription using a PCR-
ampliﬁed fragment containing the T7 promoter sequence at both
5′ and 3′ ends. The AV-2 2b and AV-2 CP were cloned in the pE2113
vector (Mitsuhara et al., 1996). RNA silencing was induced in
protoplasts by co-transfecting with the reporter genes and dsFluc
with or without 3 μg of the plasmids containing a viral gene.
Transfected protoplasts were then incubated for 24 h in the dark at
25 1C. After incubation, protoplasts were harvested and analyzed
for luciferase activity using the Dual-Luciferase Reporter Assay
System (Promega, Madison, WI, USA).PVX vector construct
The PVX vector was obtained from Dr. D.C. Baulcombe (The
Sainsbury Laboratory, Norwich, UK), and AV-2 2b and AV-2 CP were
cloned into the PVX vector. N. benthamiana leaves were inoculated
with in vitro transcripts of the recombinant constructs to make
inocula for further inoculation experiments (Chapman et al., 1992).Acknowledgments
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